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Abstract

The possibility of the enhanced optical cooling (EOC)
of Lead ions in LHC is investigated. Non-exponential
feature of cooling and requirements to the ring lattice,
optical and laser systems are discussed. Comparison with
optical stochastic cooling (OSC) is represented.

INTRODUCTION

In original OSC with usage of quadrupole wiggler as a
pickup [1], particles with small betatron amplitude do not
make an input into signal generation (radiation), so they
are not heating the beam. In contrast, in EOC method
such selective action achieved by usage of movable
screens. These screens located on image plane of optical
system having radiating beam as source. Motion realized
with the help of fast electro-optical elements driven by
external voltage. As aresult of this selection the ions with
extreme deviations of dynamic variables keep the
neighboring ions undisturbed in the first approximation.
By this way the number of the particles in the bandwidth,
which defines the damping time can be reduced
dragtically. Some detailed schemes of EOC were
suggested in [2]-{4]. Below we consider EOC of fully
stripped Lead ionsin LHC as example.

THE SCHEME OF COOLING

The EOC method uses a pickup undulator and one or
more kicker undulators installed in different straight
sections of a storage ring. The distance determined by a
betatron phase advance (2p—1)z between the pickup
and the first kicker undulator and 2p’z between each of
the following kicker undulators;, wherep, p’ = 1, 2, 3...
Undulator Radiation Wavelets (URW), emitted by ionsin
the pickup undulator, transferred by optical system to the
movable screen located on the image plane. Here the
undesirable part of radiation, corresponding to small
betatron amplitudes, is cut. Residua fraction or URW
amplified in optical amplifier and pass together with the
ions through the followed kicker undulators.

THE RATE OF COOLING

The change of the square of the amplitude of betatron
oscillations of an ion, caused by sudden energy change
S in a kicker undulator is determined in smooth
approximation by

A ==2%,, 6%, +(5x,), 1)
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where X, , isthe ion deviation from it's closed orbit in
the kicker undulator; &x, =7,47*(SE/E) is the change
of it's closed orbit position; 7, is the dispersion function
in the storage ring; g is the normalized velocity. In the
approximation [5%, < 2|X,, < 2A, both the betatron

amplitude and the position of the closed orbit will be
decreased, if the values x,, <0, dx, <0. It follows that

to cool the ion beam the screen in the optical system must
open the pass for URWSs emitted by extreme ions entering
the pickup undulator with higher energy and betatron
deviations X, >0 from theirs orbits. After that the

screen will open images of ions with lower and lower
energies until the optical system must be switched off.
Then the cooling process can be repeated. So the EOC is
going simultaneously both in the longitudinal and
transverse degrees of freedom.

Optical lengths between pickup and kicker undulators
should be picked up so that to inject ions in the kicker
undulators at decel erating phases of their own URWSs.

The total energy of the undulator radiation (UR) emitted
by arelativistic ion traversing an undulator with magnetic
field B isgiven by

E

o = 31PBYL, @

where B? is an average square of magnetic field along
the undulator period 4 ; 1, =Z%/Mc’ is the classical
radius of the ion; e, M, are the electron charge and ion
mass respectively; Zis the atomic number, L, =MA4,;
M is the number of undulator periods, y is the
relativistic factor. For a plane harmonic undulator
B?= B2/2, where By is the peak of the undulator field.
For helical undulator B?=g?. The spectrum of the first
harmonic of the UR is dE/dé=Ef (&), where E = E_/

wk?), K=ze/B A/ 2eMc?, FO=F(-2%+22), &=
Aimin | A s Aiin = Al » (0S£<1), _[f(éf)dé‘=1, M>>1,
A =2,1+K*+%)/2y° is the wavelength of the first

harmonic of the UR, ¢ = 78 ; 0 , the axia angle.

The number of the equivalent photons in the URW in
the suitable for cooling frequency range (Aw/ ), =1/2M

and angular range Ay =./1+K?)/2M

N, = AE,/ hoy,, = maZ?K?, ©)
where AE, = (dE,/dw)Aw=3E, /2M (1+K?), @ =
2zl Ayn» M =LA+ K?) /224, - AN aperture or filters
must be used in the optical system to select a portion of
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URW in this frequency range for resonance interaction of
ions with their URW’siin kicker undulators.

Below we accept a Gaussian distribution for the URW,
its Rayleigh length Z =4702/4,,,=L,/2, the rms waist

size 0, =+/L A, /87 . In this case the rms electric field
strength E,, of the wavelet in the kicker undulator

E, =22/ 07 =87 1, VB IL K™ (8
The rate of the energy loss for ions in the amplified
URW is R(m:eZEwLuﬂme Ny (o or

Pos = 8VZEZI, f 72Ny Gy - BEK /(L4 K2)¥2, (5)
where g, = K/y; f istherevolution frequency; N is
the number of kicker undulators; ¢, , is the gain in
optical amplifier.

The damping time for the ion beam in the longitudinal
degree of freedomis

7=0, /R, ©®)
where ¢ _ isthe energy spread of theion beam.

According to (6), the damping time for EOC is
proportional to the energy spread of the beam which is
much less then the energy of ions included in similar
expression for damping time controlled by Robinson's
damping criterion. Moreover, because of the non-
exponential decay of both energy and angular spreads of
the beam the degree of cooling of ion beams for EOC is
much higher than 1/e reduction of these parameters.

Note that the higher the dispersion function and the
less the beta function at the location of the kicker
undulator the higher the rate of damping of betatron
oscillations. In this case energy jumps of ions lead to
larger jumps of closed orbits and near the same jumps of
betatron amplitudes. Zero dispersion function at the
location of the pick-up undulator can be used to select
ions on their amplitudes of betatron oscillations.

STOCHASTIC PROCESSESIN THE EOC

URW of one ion does not disturb trajectories of other
ions if an average distance between ions in the
longitudinal direction is more, than the URW's length,
M Ay and the transverse dimensions of the URW’s in

kicker undulators are overlapped and higher then the
transverse total (dispersion + betatron) dimensions of the
being cooled ion beam. This case is named “single ion in
the sample’. It corresponds to the beam current

) —9

Zec _ 4810 Z[]’ @
M ﬂlmin M ﬂlmin[cm]

If i>i, amplified URW’s do not disturb the energy
spread and amplitudes of betatron oscillations of other’s
ions of the beam in the first approximation and change
them in the second one because of a stochasticity of the

initial phases of ions in other's URWSs. Stochasticity
limits the degree of cooling.

i<i,=
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Open ions of the beam loose their energies up to the
moment when they will be displayed inward to the
distances corresponding to overlapping their URWs by
the stopped screen. After thistime all ions will stay at the
threshold energy with the equilibrium energy spread and
the spread of amplitudes of betatron oscillations [3]

(V&) =(V5) =310 1m.514n) @
el e 2

determined by the average jump of the ion energy
AE=R_n+1+n,/f, Where &x =7,%(R/Ef),

n=i/i; is the number of ionsin a sample; n =N, /N

N, , the number of noise photons in the URW sample at
the amplifier front end.

STORAGE RING LATTICE
REQUIREMENTS

The relative phase shifts of ionsin their URWSs radiated
in the pickup undulator and displaced to the entrance of
kick undulators depend on theirs energy and amplitude of
betatron oscillations. If we assume that the longitudin
shifts of URWs Al <A,;/2, then the amplitudes o
betatron oscillations, transverse horizontal emittance o
the beam, in the smooth approximation, and the energy
spread of the beam must not exceed the values

A << A(,Iim =£mm;/_/1:_ ) & < 2/,1‘UR1min )
Ay, (M)_ A 9)
7/ 7/ lim nc //iha 1

where 4, =Cl/v,; C is the circumference of the ring’

v, the tune; 77,=c, -y and «a, are local dip and
momentum compaction factors between undulators.

Strong limitations (9) to the energy spread can be
overcame if, according to the decrease of the high energy
edge of the being cooled beam, a change in time o
optical paths of URWSs is produced. Special elements in
storage ring lattices (short inverted dipoles, quadrupole
lenses et al.) to decrease the slip [5-8] can be used as well’
With cooling of fraction of the beam at a time only, the
lengthening problem diminishes also as the AE/E now
stands for the energy spread in the part of the beam which
isunder cooling at the moment.

OPTICAL SYSTEM FOR EOC

The power of the optical amplifier is equal to the power
of the amplified URWSs plus the noise power

Pog = €ampe” TN+ P, (20
where €. =@, N, isthe energy in a sample;

N;, the number of ions in the ring. The bunch spacing in
LHC (45 m) is much bigger than the bunch length (~5-10
cm). The same time structure of the OPA must be used.
The energy of OPA emitted for the damping time is
proportional to the initial energy spread of the ion beam.
It can be decreased by decreasing peak RF voltage or by
increasing the number of bunches.
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The space resolution of theion beamis[3]

Sx =1224, 1A0=122\(2_ L, . (11)

The transverse selectivity of radiation (movable screen)
can be arranged with help of electro-optical elements.
These elements contain crystals, which change their
refraction index while external voltage applied. This
technique is well known in optics[9]. In simplest case the
sequence of electro-optical deflector and a diaphragm
followed by optical lenses, allow controllable selection of
radiation generated by different parts of the beam.

Example 1. EOC of fully stripped %, Pb ion beamin the
CERN LHC at the injection energy m.c?y= =36.9TeV.
The parameters of the LHC: circumference C=27 km,

f=1.110*, v, =6428, ¢, =323-10", i=6.28mA,
n,=3.18-10", N, = 4.1-10°, y=190.5,
Ayly=39-10", normalized emittance ¢ =14 ym, beta
and dispersion functions a the kicker undulator
B,=250 m, n,=2.0 m, betatron beam size at pickup
undulator  0,,=043mm, disperson beam size
0,0 =095 mm, total beam size 7, =1.1 mm.

Single pickup, single helical kicker undulators with
parameters \/B2 = 10° G, A, =4 cm, M = 300 and two
optical parametric amplifiers (OPA) with gains ~10* are
used. The total gain goesto be «,; =10°. Inthis case:
M,c?=1.94-10%eV, N, =1.01-107, r, =4.96-10°cm,
i,=0024mA, N, =i /ef =1710, 4, =5510° cm,
0,=051 mm, K=0.0081,E,= 122.10% V/cm,
P =56-10° €V/sec, r=428 min, P, =164 W,
Sx,=276-10° om, A, =4147 m, A, =5mm,
(Ayly),, =417-10°, n, =241,
n,=99, equilibrium dimensions

OX.o =3.14mm,
beam

(E)ﬂ2=3.45-10*7 cm. Damping time of an ion beam,
e

according to (5), (6), iS =0, /P lk.os~ O/ Ny K> - If
Amin» e, B? ae constants, then K~ 4,~y%,7 ~1/%*
and the power of the optical amplifier P, ~N N~
N,»*. Damping time can be decreased by using beams
with smaller initial energy spread o, higher gain of
optical amplifiers and number of kicker undulators
Nga >1.

Example 2. EOC of fully stripped % Pb ion beam in
the CERN LHC at the energy =953, Ay/y= 1.3.10"
, N, =10°, betatron beam size o, , =4.3mm, dispersion
beamsize o, ,=9.5 mm, total beam size ¢,,, =11 mm at
pickup undulator. One pickup and one kick undulator
with parameters B2 - 10° Gs, A,=1m, K=0.202, M
=12 and OPAs identical to ones of the example 1 are
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used. In this case: N, =6.29, 4, =55-10° cm, o0, =
051 mm, 6x,=314 mm, E =144 Vicm, B =
3310°eV/sec, P, =249 W, &% =32510° cm, the

—\1/2
beam dimensions (x,f) =1.22-10° cm, 7 = 4.36 SeC .
e

In these examples initial transverse beam dimensions
0,0 <A.m- It means that there is no problem with the

dependence of phase shifts of ions on their amplitudes. At
the same time there is a necessity in special elements in
storage ring lattices to decrease the dlip.

The space resolution of the ion beam and that is why its
final dimensions are limited by a value &x,=314 mm,

which is larger then the initial beam dimension o, , =1.1

mm in the example 1. It does not permit to reach small
equilibrium beam dimensions and means that we must
increase the initial beam dimensions by increasing the
dispersion and beta functions in the location of the pickup
undulator or, according to (11), decrease the length of the
undulator and using more short A, to increase the

resolution. High beam size in the pickup undulator can be
arranged by appropriate betatron function at this place.

Cooling of ion beams is produced in the RF bucket. In
this case the screen must be moved to the position of the
image of the equilibrium orbit and stopped at this
position. Cooling cycles must be repeated periodically.
The length of the URW bunch can be less then ion one. In
this case only overlapped parts of ion and URW beams
will interact. Despite of this all ion beam will be cooled
asions take part in phase oscillations.

CONCLUSION

We considered EOC of ion beams in LHC storage ring.
The gain of the OPAs can be higher then considered in
the paper. That is why the damping time is limited by the
maximum achievable power of the OPA and number of
kicker undulators.
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